The metabolic syndrome---a condition associated with a variety of comorbidities, including dyslipidemia, fatty liver disease, obesity, and diabetes mellitus---is a major population-wide health problem. This is highlighted by reports from the World Health Organization and the International Diabetes Federation indicating that 39% of the world population is overweight, \>425 million worldwide are experiencing diabetes mellitus, and ≈25 million yearly deaths are attributed to cardiovascular diseases. Treating these diseases is putting a heavy burden on already limited healthcare resources, thereby emphasizing the need to improve our understanding of the underlying pathophysiologic mechanisms and to identify novel therapeutic targets and strategies. Ideally, such targets would be able to address multiple morbidities associated with the metabolic syndrome.

The LDLR (LDL \[low-density lipoprotein\] receptor) is a key determinant of the level of circulating plasma lipoproteins.^[@R1]^ However, recent studies suggest that the LDLR may also play a role in the pathophysiology of obesity and diabetes mellitus. Patients with familial hypercholesterolemia because of loss-of-function mutations in the *LDLR* or *APOB* (apoliporprotein B) genes show a reduced incidence of type 2 diabetes mellitus (DM2).^[@R2]^ In contrast, the use of cholesterol-lowering statins, which increase abundance of the LDLR, is associated with an elevated incidence of DM2.^[@R3]--[@R5]^ Targeting PCSK9 (proprotein convertase subtilisin/kexin type 9)^[@R6]^---a novel cholesterol-lowering strategy that is also based on increasing the level of the LDLR---has not been associated with increased DM2 yet. However, single-nucleotide polymorphisms in *PCSK9* that are associated with lower circulating LDL cholesterol have been associated with an increased incidence of DM2, bodyweight, and waist-to-hip ratio.^[@R7],[@R8]^ These findings are in line with studies in mice, where genetic ablation of *Pcsk9* led to increased plasma levels of glucose with concomitant reduced insulin levels.^[@R9],[@R10]^ Taken together, these studies support the notion that beyond its role in hypercholesterolemia, the LDLR could play a role in the pathogenesis of the metabolic syndrome as well.

We have recently identified the IDOL (inducible degrader of the LDLR, also known as MYLIP \[myosin light chain interacting protein\]) as a post-transcriptional regulator of LDLR abundance.^[@R11]--[@R13]^ Unlike PCSK9 that recognizes the ectodomain of the LDLR and the related receptors VLDLR (very low-density lipoprotein receptor) and APOER2 (apolipoprotein E receptor 2),^[@R14]^ IDOL recognizes the intracellular tail of these receptors, and acting as an E3 ubiquitin ligase promotes their ubiquitylation and subsequent lysosomal degradation.^[@R15]^ In mice, Idol has a limited impact on plasma LDL---an outcome that is likely because of limited sterol-dependent regulation of *Idol* in mouse liver.^[@R16]^ In contrast, in nonhuman primates, gain or loss of IDOL function increases and decreases LDL levels,^[@R16]^ respectively, and we have recently reported that human carriers of a loss-of-function mutation in *IDOL* have lower circulating LDL levels.^[@R17]^ However, although regulation of the LDLR by IDOL is established, it is unknown whether IDOL affects systemic lipid and energy metabolism. To address this issue, we investigated the metabolic phenotype of *Idol*^(−/−)^ (Idol-KO) mice in response to a Western-type diet (WTD), which contains fat and cholesterol, and during physiological aging. We report that Idol-KO mice are protected from diet-induced obesity and associated detrimental metabolic changes, highlighting the potential of targeting IDOL in metabolic disease.

Materials and Methods
=====================

The data that support the findings of this study are available from the corresponding author on reasonable request

Animal Studies
--------------

Handling of mice was done according to institutional guidelines and regulations, and all efforts were made to minimize suffering. Approval for these experiments was obtained before conducting the experiments from the Institutional Ethical Committee on Animal Experimentation of the Academic Medical Center. The generation of the Idol-KO mice was reported previously, and the mice were kindly provided by Peter Tontonoz (University of California at Los Angeles)^[@R16]^ (please see the major resources table in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). To follow physiological aging (experiment I), male and female Idol WT (wild type), HET (heterozygous), and KO (knockout) mice were weaned at 3 weeks of age (n=5--6 mice per group), group housed, and fed a chow diet ad libitum (Teklad 2916; Envigo, The Netherlands). Mice were weighed biweekly by animal facility staff that were blinded to genotype or outcome. Blood glucose levels were measured at the age of 7 months after 4 hours of fasting. At the age of 12 months, mice were euthanized, blood was drawn by heart puncture, and organs were collected and snap-frozen in liquid nitrogen and stored at −80°C or fixed in phosphate buffered 4% paraformaldehyde. To evaluate the response to a WTD (experiments II and III), mice were fed a diet containing 60% fat and 0.2% cholesterol (open source diet D12492 with 0.2% cholesterol; 60 kcal% fat, 20 kcal% carbohydrates, and 20 kcal% protein; Ssniff Diets, Germany). Six- to 8-week-old male Idol-KO (n=9) and WT (n=12) mice were group housed with siblings of the same genotype and fed WTD for 5 months (experiment II). The mice were weighed weekly. At the indicated time points, mice were fasted for 4 hours, and blood glucose was measured with a glucometer (Bayer Contour XT). Oral glucose tolerance tests were performed at 8 and 20 weeks of WTD by fasting mice for 4 hours followed by oral loading with 2.0 g glucose per kg body weight. Tail vein blood was sampled at the indicated time points and glucose measured with a glucometer. At euthanization, plasma and organs were collected and stored as described above. Organs were collected snap-frozen in liquid nitrogen and stored at −80°C or fixed in phosphate buffered 4% paraformaldehyde, paraffin embedded, and sectioned. In an independent experiment (experiment III), conducted in the animal facility of Leiden University Medical Center, male Idol-KO (n=11) and WT mice (n=8) rederived to specific organism and pathogen-free status were used. Starting from 8 weeks of age, all mice were fed a WTD as above. After 4 weeks of WTD, mice were placed individually in a metabolic cage (Phenomaster line; TSE Systems, Bad Homburg, Germany) for 4 days. Subsequently, after 4 hours of fasting, mice were intravenously injected with 80-nm-sized lipoprotein-like emulsion particles containing glycerol tri\[^3^H\]oleate and \[^14^C\]cholesteryl oleate, as described previously,^[@R18]^ and blood samples were drawn from the tail vein at the indicated times. Clearance of the injected radiolabeled tracers was calculated as the percentage of the total injected dose. Directly hereafter, mice were euthanized by cervical dislocation, perfused with ice-cold PBS, and organs were isolated and weighed. Uptake of the radiolabels was determined by scintillation counting after organs were dissolved. To assess the postprandial response, we measured the appearance of plasma triglycerides (TG) following an oral olive oil gavage. Briefly, male Idol WT and KO (n=6 per group) mice of 10 to 12 weeks were fasted for 4 hours (9 [am]{.smallcaps}), after which they received an oral load of 400 µL olive oil (1 [pm]{.smallcaps}). Subsequently, blood samples were drawn from the tail vein into EDTA-coated tubes (CB300, Sarstedt) at the indicated time points after gavage. To assess hepatic VLDL (very low-density lipoprotein) secretion, male mice (n=3 per group) were fasted for 4 hours (8 [am]{.smallcaps}), after which they received an intraperitoneal injection of Poloxamer 470 (1 g/kg) and blood samples collected as above. For both the olive oil gavage and poloxamer experiments, samples were kept on ice, spun down at 4000 rpm for 7 minutes at 4°C, and plasma was assessed for TG. In all experiments, mice were housed in a light- and temperature-controlled room in the animal facilities of the Academic Medical Center or Leiden University Medical Center.

Analysis of BXD Mouse Strain Panel
----------------------------------

Male mice of both parental strains (C57BL/6 and DBA/2) and 40 of their intermediate BXD strains (BXD43-BXD103) were bred and born at the EPFL, Switzerland (n=5 per strain).^[@R19]^ These recombinant inbred mouse strains, derived from an intercross of the 2 parental mouse strains above, have been extensively used to interrogate genotype-phenotype associations. From the age of 8 weeks onward, animals were fed a high-fat diet (60% kcal fat) for a total of 5 months. Metabolic phenotyping was performed between the age of 16 and 24 weeks. After 5 months of high-fat diet, animals were fasted overnight and euthanized by means of perfusion following isoflurane anesthesia. Livers were snap-frozen in liquid nitrogen. RNA was pooled per strain before purification and array analysis. Spearman rho correlation analyses where performed using the data available on GeneNetwork ([www.genenetwork.org](www.genenetwork.org)) and R as described previously.^[@R20]^

Analysis of Plasma
------------------

Insulin (10-1247-01, Mouse Insulin ELISA; Mercodia, Sweden), glucose (101192, Glucose-TR, Spinreact), aspartate aminotransferase (AST; 92025, AST TGO Colorimetric Method; Biolabo, France), and alanine transaminase (ALT; 92027; TGP Colorimetric Method; Biolabo, France) levels were determined in plasma samples following manufacturers' protocols. Concentrations of circulating lipids were measured using commercially available enzymatic kits for TG (11488872; Roche Diagnostics, Mannheim, Germany), total cholesterol (TC; 11489232, Roche Diagnostics), and phospholipids (3009, Instruchemie; Delfzijl, The Netherlands). HDL (high-density lipoprotein) cholesterol was measured after precipitation of ApoB-containing lipoproteins by polyethylene glycol 6000.

Fast Protein Liquid Chromatography Analysis of Plasma Lipoproteins
------------------------------------------------------------------

TC and TG content from the main plasma lipoprotein classes (VLDL, LDL, and HDL) was determined using fast protein liquid chromatography as described previously.^[@R21]^ Briefly, the system contained a PU-980 ternary pump with an LG-980-02 linear degasser, FP-920 fluorescence, and UV-975 UV/VIS detectors (Jasco, Tokyo, Japan). An extra PU-2080i Plus pump (Jasco, Tokyo, Japan) was used for either in-line cholesterol PAP or TG enzymatic reagent (Roche, Basel, Switzerland) addition at a flow rate of 0.1 mL/min. Plasma lipoproteins were separated using a Superose 6 HR 10/30 column (GE Healthcare, Hoevelaken, The Netherlands) using Tris-buffered saline pH 7.4, as eluent at a flow rate of 0.31 mL/min. Commercially available lipid plasma standards (low, medium, and high) were used for generation of TC or TG calibration curves for the quantitative analysis (SKZL, Nijmegen, The Netherlands) of the separated lipoprotein fractions. Quantitative analysis of the chromatograms was performed with ChromNav chromatographic software, version 1.0 (Jasco, Tokyo, Japan).

Quantitative Polymerase Chain Reaction Analysis
-----------------------------------------------

RNA was isolated from powdered tissue samples in TriReagent (Sigma) with an RNA extraction kit (R2052, Zymo Research), which included a DNAse treatment, and subsequently transcribed to cDNA with the biotool cDNA synthesis kit (B24403, Biotool). Quantitative polymerase chain reaction was performed using Sensifast SYBR Green (Bioline BIO-98020) on a Lightcycler 480 system (Roche). Gene expression was normalized to the mean expression of Rplp0 and Rpl13. Primer sequences are available on request.

Immunohistochemistry Procedures
-------------------------------

Fixed tissues were embedded, sectioned, and stained for hematoxylin and eosin, and frozen tissues were sectioned and stained with Oil Red O at the Department of Pathology of the Academic Medical Center. Slides were assessed and scored by a blinded mouse pathologist (M.J.J.G.). Adipocyte diameter was determined using the Adiposoft plugin for FIJI.^[@R22]^ Staining of UCP1 (uncoupling protein 1) and TH (tyrosine hydroxylase) was done as described previously.^[@R23],[@R24]^ No background staining was observed for both antigens when the primary antibody was replaced by purified immunoglobulins (not shown). Briefly, sections were dewaxed, rehydrated, and treated with peroxidase. Antigen retrieval was accomplished in 10 mmol/L citrate buffer (pH=6.0). Slides were blocked with normal goat serum (UCP1) or BSA (TH) and incubated overnight at 4°C with anti-UCP1 antibodies (1:4000; Ab10983; Abcam, Cambridge, United Kingdom) or anti-TH antibodies (1:2000; Ab112; Abcam). Next, sections were incubated for 30 minutes with biotinylated goat α-rabbit secondary antibodies (UCP1; 1:600; Vector Laboratories, Burlingame, CA) or DAKO EnVision anti-rabbit antibodies (DAKO, Glostrup, Denmark). Immunostaining was amplified and visualized using the Elite ABC Nova Red kit (Vector Laboratories). Counterstaining was performed with Mayer hematoxylin (1:4). Staining was quantified blindly in FIJI after color deconvolution to extract DAB (3,3'-diaminobenzidine) staining.

Statistical Analysis
--------------------

Data are presented as mean±SEM. After testing for normality and equal variance, unpaired *t* tests or unpaired repeated *t* tests with Holm-Sidak correction were conducted or alternatively a nonparametric Mann-Whitney analysis was performed (GraphPad Prism 6.0). A *P* \<0.05 was considered statistically significant. Correlations were assessed using Spearman correlations.

Results
=======

Idol-KO mice are viable, and their initial description reported no overt phenotype.^[@R16]^ Given the important metabolic role of the known Idol degradation targets,^[@R15]^ we decided to evaluate the short- and long-term response of male Idol-KO mice to a WTD containing fat and cholesterol. Diet-induced weight gain was significantly lower in Idol-KO compared with WT mice in both the short-term and long-term experiments (5 weeks, Figure [1](#F1){ref-type="fig"}A, and 21 weeks, Figure [1](#F1){ref-type="fig"}B; Figure IA in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). In these experiments, no differences in food intake were observed between the genotypes (Figure [4](#F4){ref-type="fig"}A and not shown). The difference in diet-induced weight gain between Idol-KO and WT mice could be primarily attributed to reduced liver and fat mass (Figure [1](#F1){ref-type="fig"}C). Concomitantly, plasma levels of glucose and insulin were also reduced in Idol-KO mice as compared with WT mice, reaching significance when mice were followed for 21 weeks (Figure [1](#F1){ref-type="fig"}D through [1](#F1){ref-type="fig"}F). The primary target of Idol---the LDLR---is a key regulator of circulating lipoprotein levels.^[@R1]^ Accordingly, in the absence of Idol, we found that there was a reduction in the level of circulating TG and phospholipids (Figure [1](#F1){ref-type="fig"}G and [1](#F1){ref-type="fig"}H), as well as of TC (Figure [1](#F1){ref-type="fig"}I). Analysis of plasma lipoproteins indicated that the reduction in cholesterol in Idol-KO mice was associated with a prominent decrease in both the HDL and LDL fractions as compared with WT mice (Figure [1](#F1){ref-type="fig"}J and [1](#F1){ref-type="fig"}K). At the later WTD time point, the decrease in plasma TG was blunted, yet TC levels remained significantly lower in Idol-KO mice (Figure [1](#F1){ref-type="fig"}L; Figure IB and IC in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)).

![Idol (inducible degrader of the low-density lipoprotein receptor) deficiency improves metabolic control on a Western-type diet (WTD). WT (wild type) and IDOL-KO (knockout) male mice were fed a 60% fat 0.2% cholesterol diet for 5 or 21 wk, as indicated (n=8--11). **A** and **B**, Total bodyweight and (**C**) weight of individual tissues is shown. The level of fasted plasma (**D** and **E**) glucose, (**F**) insulin, (**G**) triglycerides (**H**), phospholipids (**I** and **J**), and of total cholesterol and HDL (high-density lipoprotein) cholesterol is plotted. **K**and **L**, Plasma was fractionated and cholesterol and triglyceride content of the different lipoprotein fractions determined. Each bar and error represent the mean±SEM. gWAT indicates gonadal white adipose tissue; iBAT, interscapular brown adipose tissue; lsWAT, lower subcutaneous white adipose tissue; sBAT, subscapular brown adipose tissue; usWAT, upper subcutaneous white adipose tissue; and vWAT, visceral white adipose tissue. \**P*\<0.01, \*\*\**P*\<0.001, \*\*\*\**P*\<0.0001.](atv-38-1785-g001){#F1}

These findings with the WTD prompted us to also evaluate the phenotype of chow-fed Idol-KO mice of both genders. Initially, the body weights of male and female chow-fed Idol-KO mice were indistinguishable from those of their WT controls (Figure IIA in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). However, from 22 weeks of age onward, Idol-KO females maintained their body weight unlike WT female mice that continued to gain weight. Female, but not male, Idol-HET mice showed an intermediate weight phenotype suggesting a dose-dependent Idol effect in females. Moreover, chow-fed female Idol-KO mice also had a significantly reduced blood glucose level as compared with WT controls (Figure IIB in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). Lower glucose levels were only observed in male Idol-KO mice following a WTD (Figure [1](#F1){ref-type="fig"}E; Figure IIB in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). Yet, despite this observation, the response of WTD-fed male Idol-KO mice to oral glucose loading was indistinguishable from that of WT mice, both after 8 and 20 weeks of diet (Figure III in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). In aggregate, these findings suggest that the absence of Idol attenuates several important aspects of the metabolic syndrome in mice.

Because the difference in weight gain could be largely attributed to the liver and fat depots, we examined these tissues in more detail. WTD feeding of male WT mice resulted in prominent appearance of hepatic vacuoles that stained for neutral lipids (Figure [2](#F2){ref-type="fig"}A), without hepatic toxicity as determined by plasma AST and ALT levels (Figure IV in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). In contrast, livers of male Idol-KO mice were largely protected from diet-induced fat accumulation, as evident from a blinded pathological evaluation of the livers (Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). Hepatic lipid accumulation was not evaluated in chow-fed male Idol-KO mice and was lower in chow-fed female Idol-KO mice when compared with their female WT controls (data not shown). The reduced hepatic fat accumulation in WTD-fed Idol-KO male mice was associated with a lower liver weight (Figure [2](#F2){ref-type="fig"}C), likely because of decreased hepatic TG accumulation (Figure [2](#F2){ref-type="fig"}D). In contrast, hepatic cholesterol was slightly increased in livers of WTD-fed male Idol-KO mice in the absence of liver toxicity (Figure [2](#F2){ref-type="fig"}E; Figure IV in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). Unexpectedly, despite the marked difference between the livers of WT and Idol-KO mice, hepatic gene expression was comparable across a wide range of genes involved in lipid metabolism, and the level of hepatic LDLR protein was not significantly different (Figure [2](#F2){ref-type="fig"}F and not shown). In fact, the 1 gene that we found to be differentially expressed was *Cyp7a1*, which may be an outcome of increased hepatic cholesterol levels in the livers of Idol-KO mice.^[@R25]^

![Loss of Idol (inducible degrader of the low-density lipoprotein receptor) limits hepatic triglyceride (TG) accumulation on a Western-type diet (WTD). WT (wild type) (n=11) and Idol-KO (knockout; n=9) male mice were fed a WTD for 21 wk. **A**, Representative (**left**) hematoxylin and eosin (H&E) and (**right**) Oil Red O (ORO) staining of liver sections from Idol WT and KO mice. **B**, Blinded macropathological scoring of vacuole size in H&E sections. Semiquantitative scale ranging from (−) no vacuoles to (+++) in which no hepatic zonation can be distinguished. Liver (**C**) weight, (**D**) TG content, and (**E**) cholesterol content in WT and Idol-KO mice. **F**, Hepatic mRNA expression of the indicated genes sorted by functional class. Expression of indicated genes was normalized, and the value in WT mice was set to 1. Each bar and error represent the mean±SEM. \**P*\<0.01, \*\**P*\<0.001. LXR indicates liver X receptor; and SREBP, sterol regulatory element-binding protein.](atv-38-1785-g002){#F2}

Next to the liver, fat depots were the most affected tissues in Idol-KO mice in response to the WTD (Figure [1](#F1){ref-type="fig"}C). Accordingly, histological inspection of gonadal white adipose tissue (WAT) revealed a marked difference between WT and Idol-KO mice, as also reflected in the increased fat cell size in this depot (Figure [3](#F3){ref-type="fig"}A). A striking difference between the genotypes was also observed in brown adipose tissue (BAT), with WT BAT showing prominent accumulation of lipids that was nearly absent in Idol-KO BAT (Figure [3](#F3){ref-type="fig"}B). Two key determinants of thermogenic BAT activity are UCP1 levels and peripheral sympathetic neurosignaling for which the level of the enzyme TH can be used as a proxy.^[@R26],[@R27]^ Both of these markers were clearly present in Idol-KO BAT, but were close to absent in WT controls, consistent with the massive accumulation of lipid in these mice (Figure [3](#F3){ref-type="fig"}C and [3](#F3){ref-type="fig"}D; Figure V in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)).

![Absence of Idol (inducible degrader of the low-density lipoprotein receptor) attenuates Western-type diet (WTD)-induced alterations in adipose tissue depots. WT (wild type; n=11) and Idol-KO (knockout; n=9) male mice were fed a WTD for 21 wk. **A**, Representative hematoxylin and eosin (H&E) staining (**left**) and frequency distribution of adipocyte cell diameter (**right**) of gonadal white adipose tissue. Representative images of (**B**) H&E staining and immunostaining of (**C**) tyrosine hydroxylase (TH) and (**D**) UCP1 (uncoupling protein 1) in brown adipose tissue of WT and Idol-KO mice. (**B**--**D**; **right**) Blinded macropathological scoring of (**B**) lipid accumulation, and (**C** and **D**) TH and UCP1 staining, respectively, using a semiquantitative scale ranging from absent (−) to prominent (++++).](atv-38-1785-g003){#F3}

The reduced weight gain and decreased lipid accumulation in adipose tissue and liver of Idol-KO mice prompted us to explore the potential underlying mechanism(s). We considered the possibility that in the absence of Idol, intestinal absorption of dietary fat would be decreased, explaining these observations. To test this idea, we challenged male mice with an oral olive oil bolus and measured the time-dependent levels of circulating TG. This offers a gross assessment of intestinal fat uptake, packaging into chylomicrons, and subsequent basolateral secretion, although it has to be noted that the measured levels also integrate, for example, tissue clearance. In this experimental setting, no differences in postprandial plasma TG levels were observed in Idol-KO mice (Figure VIA in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). Similarly, we measured no difference in plasma TG after Poloxamer 470 injection in male mice, suggesting that hepatic VLDL secretion between WT and Idol-KO mice is an unlikely explanation for the reduced accumulation of TG in the liver of Idol-KO mice (Figure VIB in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). An alternative scenario that could underlie the metabolic phenotype of Idol-KO mice is increased energy expenditure, which is in line with maintained BAT in these mice. To evaluate this notion, we fed male WT and Idol-KO mice a WTD for 5 weeks and measured their energy expenditure by means of indirect calorimetry. Importantly, in the course of this experiment, food intake was comparable between the 2 genotypes (Figure [4](#F4){ref-type="fig"}A), ruling out feeding behavior as a confounding parameter in these studies. In contrast, Idol-KO mice had a marked increase in locomotor activity as determined by the number of beam breaks during the course of these experiments (Figure [4](#F4){ref-type="fig"}B). Energy expenditure (Figure [4](#F4){ref-type="fig"}C and [4](#F4){ref-type="fig"}D) and fat oxidation (Figure [4](#F4){ref-type="fig"}E through [4](#F4){ref-type="fig"}H) seemed higher in Idol-KO compared with WT mice. However, even after correction for lean body mass,^[@R28]^ these differences were not significant. Yet we cannot rule out that these processes are subtly affected in Idol-KO mice and may during a prolonged period contribute to metabolic health.

![Indirect calorimetry in Western-type diet (WTD)-fed Idol (inducible degrader of the low-density lipoprotein receptor)-KO (knockout) mice. WT (wild type; n=8) and Idol-KO (n=11) male mice were fed a WTD for 5 wk, after which they were housed individually in metabolic cages for 4 consecutive days. The cumulative (**A**) food intake and (**B**) locomotor activity (expressed as the number of beam breaks) in WT and Idol-KO is plotted. The lean mass-corrected time-dependent and cumulative, respectively (**C** and **D**), energy expenditure (EE; **E** and **F**), fat oxidation (FO), and (**G** and **H**) carbohydrate oxidation (CO). Thick and jagged lines represent the mean±SEM.](atv-38-1785-g004){#F4}

The indirect calorimetric measurements could suggest elevated energy expenditure fueled by fat oxidation as a preferred energy source in Idol-KO mice. In conjunction with the reduced TG levels in male WTD-fed Idol-KO mice (Figure [1](#F1){ref-type="fig"}G and [1](#F1){ref-type="fig"}H), this may point toward increased tissular uptake of lipoprotein-TG--derived fatty acids. To evaluate this possibility, we injected mice with lipoprotein-like particles double-labeled with glycerol tri\[^3^H\]oleate and \[^14^C\]cholesteryl oleate. We have previously shown that these particles rapidly acquire an array of exchangeable apolipoproteins from serum, including apoE, apoCs, apoAIV, apoAI, apoAII, and apoD, and that the hepatic uptake of their core remnants is mediated by apoE.^[@R18],[@R24]^ Plasma clearance of both tracers was significantly accelerated in Idol-KO mice (Figure [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}B). The enhanced clearance was mirrored by tissular accumulation of both tracers, with predominant uptake in the liver and adipose tissue (Figure [5](#F5){ref-type="fig"}C and [5](#F5){ref-type="fig"}D). No changes in expression of the lipoprotein lipase inhibitor *Angptl4* in WAT or BAT were found in the 21-week WTD-fed mice (Figure VII in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). On the other hand, *Lpl* expression was significantly higher in BAT but not WAT of Idol-KO mice (Figure VII in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). Notably, when corrected for total organ weights, which were lower in the Idol-KO mice (Figure [1](#F1){ref-type="fig"}C), TG and cholesterol uptake by liver and WAT no longer differed between groups (Figure VIII in the [online-only Data Supplement](https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168)). In contrast, BAT accumulation of both tracers remained significantly increased in Idol-KO mice after correction for organ weight. Elevated uptake of lipids by BAT is in line with increased fat oxidation fueling energy expenditure in Idol-KO mice.

![Increased clearance of triglycerides and cholesterol in Idol-KO (knockout) mice. WT (wild type; n=8) and Idol-KO (n=11) male mice were fed a Western-type diet for 5 wk. Mice were fasted for 4 h and injected with reconstituted lipoproteins that contain glycerol tri\[^3^H\]oleate and \[^14^C\]cholesteryl oleate. At the indicated time points, plasma was collected and radioactivity associated with (**A**) triglycerides and (**B**) cholesterol determined. Subsequently, (**C** and **D**) mice were euthanized and radioactivity in the indicated tissues determined. Each bar or point represents the mean±SEM. gWAT indicates gonadal white adipose tissue; iBAT, interscapular brown adipose tissue; lsWAT, lower subcutaneous white adipose tissue; sBAT, subscapular brown adipose tissue; usWAT, upper subcutaneous white adipose tissue; and vWAT, visceral white adipose tissue. \**P*\<0.01, \*\**P*\<0.001, \*\*\**P*\<0.0001.](atv-38-1785-g005){#F5}

To assess whether the metabolic effects of Idol extend beyond those observed in the inbred Idol-KO mice, we evaluated the metabolic phenotype that is associated with genetically determined variation in Idol expression. To do so, we evaluated the correlation of hepatic Idol expression with metabolic parameters in the BXD inbred mouse strain panel fed a high-fat diet.^[@R19]^ These inbred strains are derived from an intercross of the C57Bl/6 and DBA mouse strains and allow interrogation of genotype-phenotype associations. Consistent with our current study in global Idol-KO mice, we found that the hepatic expression of Idol positively correlates with body weight (Figure [6](#F6){ref-type="fig"}A), glucose levels (Figure [6](#F6){ref-type="fig"}B), WAT content (Figure [6](#F6){ref-type="fig"}C), and interestingly, negatively correlates with locomotor activity (Figure [6](#F6){ref-type="fig"}D) in BXDs. In aggregate, our experiments support the involvement of Idol in multiple metabolic syndrome-associated comorbidities and suggest that inhibiting its activity may be beneficial in this setting.

![Expression of hepatic Idol correlates with metabolic traits in the BXD mouse strain panel. Spearmann rank-order correlation of hepatic Idol expression with (**A**) body weight, (**B**) plasma glucose level, (**C**) perirenal white adipose tissue (WAT), and (**D**) locomotor activity in male mice (n=5 per strain) fed a high-fat diet of the parental strains C57BL/6 and DBA/2 and of 40 of their intermediate strains.](atv-38-1785-g006){#F6}

Discussion
==========

The E3 ubiquitin ligase Idol is an established post-transcriptional regulator of the LDLR.^[@R11],[@R12],[@R29]^ Although the mechanism underlying regulation of this receptor by Idol has been extensively studied, the consequence this has on whole-body metabolism has not been investigated. Therefore, we studied the metabolic role of Idol both during physiological aging and in response to a WTD. Importantly, we discovered that loss of Idol protects mice from multiple comorbidities associated with the metabolic syndrome, including hyperglycemia, obesity, and dyslipidemia. Beneficial metabolic effects of loss of Idol were observed in independent experiments conducted in 2 different animal facilities, in mice of both genders, and both in physiological aging and in response to a WTD. Moreover, our findings in the Idol-KO mice are supported by an association between hepatic *Idol* expression and several metabolic parameters in the BXD mouse genetic reference population.

A simple mechanistic explanation for the beneficial metabolic outcome as a result of loss of Idol would have been decreased dietary fat uptake in the intestine. However, this contention is not supported by our study. It is noteworthy that mice lacking Pcsk9---a secreted factor that like Idol targets the LDLR---do have an altered postprandial response.^[@R30],[@R31]^ Instead, we propose that the beneficial metabolic control in Idol-KO mice might be, at least in part, attributed to 2 factors: a marked increase in locomotion and potentially a prolonged small increase in energy expenditure and usage of fat as an energy source. Sustained BAT activity may contribute to this, yet we concede that there is no large difference in energy expenditure between control and Idol-KO mice and that the contribution of other mechanisms or involvement of additional tissues (eg, muscle) cannot be excluded. In this regard, it is interesting to point out that one of the most striking differences between WT and Idol-KO mice was locomotor activity, which may suggest involvement of central nervous system Idol activity. Although *Idol* expression is ubiquitous,^[@R11]^ it is highly expressed in neurons, controls its targets in these cells, and can influence cognitive function in mice.^[@R13],[@R15],[@R32]^ Although we cannot evaluate the impact of the idol neuronal effects in our experimental setting, our analysis of the BXD cohorts shows that hepatic *Idol* expression correlates with several of the metabolic parameters affected in the global Idol-KO mice. Clearly, development of tissue-specific Idol-KO models will be required to obtain a more precise view of the role of Idol in metabolism.

The most prominent IDOL target is the LDLR---a receptor that controls circulating lipoprotein levels.^[@R11]^ Recently, the potential involvement of the LDLR in modulating glucose and energy homeostasis has also attracted attention. Namely, several lines of research suggest that increased LDLR levels are associated with a higher incidence of DM2, as seen, for example, in statin-treated individuals and in mice lacking Pcsk9.^[@R3]--[@R5],[@R7]--[@R10]^ Conversely, individuals with loss-of-function mutations in the *LDLR* or *ApoB* display favorable glucose handling and reduced incidence of DM2.^[@R2]^ As such, our current findings with Idol diverge from this dichotomy. We, and others, have demonstrated that in the absence of Idol, the level of the LDLR increases,^[@R11],[@R15],[@R33]^ but as we show here this is associated with reduced circulating levels of glucose and insulin and overall improved metabolic control. Particularly, in comparison with PCSK9, this was unexpected, as the substrate specificity of IDOL and PCK9 largely overlaps.^[@R12]^ This discrepancy may be related to tissue-specific effects of these 2 factors. For example, secreted PCSK9 is known to potently regulate hepatic LDLR but less so in the adrenal gland.^[@R34],[@R35]^ Conversely, in mice, Idol predominantly regulates peripheral but less so hepatic LDLR.^[@R11],[@R16]^ Increased accumulation of cholesterol in insulin-secreting β-cells, as is the case in the absence of the ABCA1 (ATP-binding cassette subfamily A member 1) efflux transporter in *Abca1*-null mice, results in lipotoxicity and reduced insulin secretion and glycemic control.^[@R36],[@R37]^ Likewise, poorly controlled uptake of lipoprotein-derived cholesterol via the LDLR pathway, in the absence of Idol or Pcsk9, could be anticipated to lead to a similar outcome. Therefore, the difference between Idol-KO and Pcsk9-KO mice with respect to glycemic control suggests that pancreatic Idol activity is limited and warrants further studies on the role of Pcsk9 in this organ.

An important aspect of our study pertains to the therapeutic potential of targeting IDOL. To date, IDOL inhibition has been considered as a cholesterol-lowering target owing to its ability to increase abundance of the LDLR.^[@R12]^ This notion is further supported by human genetic studies that demonstrate an association between genetic variation in *IDOL* and circulating cholesterol levels in humans^[@R17],[@R38],[@R39]^ and antisense *IDOL* RNA studies in nonhuman primates.^[@R16]^ Moreover, the ability of IDOL to regulate LDLR abundance in the brain affects clearance of the amyloid- β peptide and may, therefore, be beneficial in the setting of Alzheimer disease.^[@R33]^ Our current study demonstrates that loss of Idol also decreases diet-induced obesity, circulating levels of TC, TG, and glucose in mice, thus expanding the possible benefit that may be attained by Idol inhibition.

In conclusion, we demonstrate an effect of Idol in the development of metabolic syndrome in mice. With the global burden of this pathological condition rising at an alarming rate, our current findings support further studies into the mechanistic involvement and pathophysiological role of IDOL in the metabolic syndrome.
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Nonstandard Abbreviations and Acronyms
======================================

BAT

:   brown adipose tissue

DM2

:   type 2 diabetes mellitus

HDL

:   high-density lipoprotein

HET

:   heterozygous

IDOL

:   inducible degrader of the low-density lipoprotein receptor

KO

:   knockout

LDL

:   low-density lipoprotein

LDLR

:   low-density lipoprotein receptor

PCSK9

:   proprotein convertase subtilisin/kexin type 9

TG

:   triglyceride

TH

:   tyrosine hydroxylase

UCP1

:   uncoupling protein 1

WAT

:   white adipose tissue

WT

:   wild type

WTD

:   Western-type diet

The online-only Data Supplement is available with this article at <https://www.ahajournals.org/journal/atvb/doi/suppl/10.1161/atvbaha.118.311168>.

###### Highlights

-   Idol loss protects mice from diet-induced obesity, hyperglycemia, and dyslipidemia.

-   Idol absence limits diet-induced hepatic and brown adipose tissue fat accumulation.

-   Brown adipose tissue fatty acid uptake is increased in Idol knockout mice.

-   Liver *Idol* expression correlates with metabolic parameters in the BXD mouse panel.
